Halichlorine is a marine alkaloid isolated from the marine sponge Halichondria okadai K ADOTA , and its pathophysiological effect on vascular cells remains unknown. Here, we examined the anti-atherosclerosis activity of halichlorine on endothelial cells by assessing the expression of adhesion molecules. In bovine aortic endothelial cells (BAECs), pretreatment with halichlorine (10 μ M, 2 h) inhibited lipopolysaccharide (LPS) (3 μ g/ml, 3 h)-induced mRNA expressions of vascular cell adhesion molecule (VCAM-1), intercellular adhesion molecule (ICAM-1), and Eselectin. Consistently, pretreatment with halichlorine (10 μ M, 2 h) reduced LPS (3 μ g/ml)-induced monocyte (U937) adhesion to endothelial monolayer. To investigate the mechanism underlying this phenomenon, we examined the effect of halichlorine on nuclear factor-κ B (NF-κ B) activity in endothelial cells. Treatment with LPS (3 μ g/ml) for 1 h increased the ratio of cells showing NF-κ B p65 translocation from cytosol to nucleus. Pretreatment with halichlorine (10 μ M, 2 h) significantly inhibited the LPS-induced NF-κ B p65 translocation. Finally, we examined the cytotoxicity of halichlorine on endothelial cells and found that halichlorine (10 μ M, 24 -48 h) did not influence BAECs proliferation and viability. Herein, we provided the first evidence that hali chlorine inhibits LPS-induced NF-κ B activation, which results in the suppression of VCAM-1, ICAM-1, and E-selectin gene expression and monocyte-adhesion to endothelial cells.
Introduction
Atherosclerosis is a progressive disease characterized by the accumulation of lipids and fibrous elements in large arteries (1) . In the earlier phases of the disease, accumulated low-density lipoprotein (LDL) and free radicals stimulate endothelial cells to express specific leukocyte adhesion molecules such as vascular cell adhesion molecule-1 (VCAM-1), intercellular adhesion molecule-1 (ICAM-1), and E-selectin (2, 3) . The increased expression of these molecules results in adhesion and recruitment of monocytes to intima. Among many causes, the pro-inflammatory transcription factor nuclear factor-κ B (NF-κ B) is thought to be a key determinant of atheromatous change in endothelial cells (4) . In unstimulated endothelial cells, NF-κ B proteins are sequestered in the cytosol through interactions with inhibitory proteins (I κ B-α / β ). Stimulation by inflammatory mediators such as tumor necrosis factor-α (TNF-α ), interleukin-1 β (IL-1 β ), and lipopolysaccharide (LPS) causes degradation of I κ B proteins and then translocates NF-κ B to the nucleus. In the nucleus, NF-κ B upregulates gene expressions of inflammatory molecules, including cytokines, chemokines, proteases, and adhesion molecules (5) . Given that these NF-κ B-mediated gene expressions are important for atherogenesis, their inhibitions are assumed to provide a therapeutic approach.
Halichlorine was isolated from the marine sponge
Halichondria okadai K ADOTA (6) . This compound is a novel alkaloid containing an azaspiro [4.5] decane skeleton, and it has a molecular formula of C 23 H 32 O 3 NCl. Previously, we reported that halichlorine inhibits L-type Ca 2+ channels in vascular smooth muscle cells (7) . However, the bioactivity of halichlorine is still virtually unknown. Thus, in the present study, we investigated the effect of halichlorine on the LPS-induced inflammatory response in vascular endothelial cells.
Materials and Methods

Materials
The chemicals used were as follows: halichlorine (isolated from a marine sponge) (6) 
Cell culture
Bovine aortic endothelial cells (BAECs) were isolated from bovine thoracic aortas purchased from a slaughterhouse. The cells were cultured in DMEM supplemented with 10% FBS. Cells between passage 7 and 11 were used for experiments. Human leukemic monocyte lymphoma cell line U937 was obtained from RIKEN Cell Bank (Tsukuba) and cultured in RPMI 1640 medium containing 10% FBS. All experiments were performed after 24-h starvation.
RNA isolation and RT-PCR
Total RNA was extracted from BAECs, and the concentration of total RNA was adjusted to 1 μ g/ μ l with RNase-free distilled water as described previously (8) . First-strand cDNA was synthesized using a random 9-mer primer and ReverTra Ace at 30°C for 10 min, 42°C for 60 min, 99°C for 5 min, and 4°C for 5 min. PCR was performed in 10 μ l of reaction solution containing reaction buffer, dNTP, Taq DNA polymerase, 1 μ M primers, and cDNA. The cycles for PCR were as follows: 32 cycles of amplification at 98°C for 10 s, at 57°C for 30 s, and at 72°C for 1 min. The primers were designed as follows: VCAM-1: sense, 5′-GAACCGACAGCTCC TTTCTG-3′ and antisense, 5′-TCCCTGACATCACAGG TCAA-3′; ICAM-1: sense, 5′-GCAACTTCTCCTGCTC TGCT-3′ and antisense, 5′-TTCCGGCTACAGTTCAG CTT-3′; E-selectin: sense, 5′-GCACAGAAACATCCT GAGCA-3′ and antisense, 5′-ACATTGCATTTTGG GAGAGG-3′; GAPDH: sense, 5′-CAGGGCTGCTTTT AATTCTG-3′ and antisense, 5′-AGCACCAGCATCAC CCAACT-3′. PCR products were electrophoresed in a 2% agarose gel containing 0.1% ethidium bromide. The densitometric intensity of the 222 bp for VCAM-1, the 205 bp for ICAM-1, the 170 bp for E-selectin, and the 220 bp of GAPDH was quantified using an image-processing program (ImageJ, National Institute of Mental Health, Bethesda, MD, USA). The results are expressed as the ratios of the optical density of each PCR product to that of GAPDH. All PCR reactions were performed using a thermal cycler (Takara PCR Thermal Cycler MP, Takara Bio, Inc.).
Cell-adhesion assays
Confluent BAECs cultured in a φ 35-mm dish were stimulated with LPS (3 μ g/ml) for 6 h. After two washes with DMEM, 2.5 × 10 5 cells of U937 were layered onto a LPS-treated endothelial monolayer at 28 rpm for 1 h at 37°C. After the incubation, nonadherent cells were removed by several gentle washes with DMEM, and the cells were fixed with 3.8% paraformaldehyde at 37°C for 5 min. The number of U937 was randomly counted in five ×40 fields. The number of U937 adhering to untreated cells and LPS-treated cells was taken as 0% and 100%, respectively.
Immunofluorescence
Cells were plated onto sterilized glass coverslips in 12-well plates (1.5 × 10 4 cells/well), left for 2 -3 h, and treated with LPS (3 μ g/ml) for 1 h after serum starvation. After two washes with phosphate-buffered saline (PBS), the cells were fixed with 3.8% paraformaldehyde for 5 min at 37°C and then permeabilized with 0.2% Triton X-100 for 5 min. Then the cells were washed twice with PBS and incubated with blocking buffer containing 1% bovine serum albumin (BSA) and 3% goat serum (Chemicon International, Billerica, MA, USA) in PBS for 1 h at 37°C. Then the cells were incubated with antip65 antibody (1:250 dilution) overnight at 4°C, followed by incubation with anti-rabbit IgG (Alexa Fluor 568) for 1 h (1:500 dilution). Cells were finally labeled with DAPI (1 μ g/ml) for 5 min. The images were captured using an Eclipse E800 fluorescence microscope (Nikon, Tokyo), and the number of cells representing p65-translocation into the nucleus was counted in five randomly chosen fields of each slide.
Cell proliferation and viability assay
BAECs were seeded in 24-well plates (3.0 × 10 4 cells/ well). For the proliferation assay, BAECs were incubated with or without halichlorine (10 μ M) in the presence of 10% FBS for 24 or 48 h. The number of cells in each well was counted with a hemocytometer. For the viability assay, confluent BAECs were serum-starved and then incubated with or without halichlorine (10 μ M) for 24 h. The percentages of viable cells were quantified with the Guava PCA system (Millipore) according to the manufacturer's protocol. This viability assay distinguishes viable and non-viable cells based on differential permeabilities of two DNA-binding dyes in the Guava ViaCount Reagent.
Statistical analyses
The data are expressed as the mean ± S.E.M. Statistical evaluation of the data was performed by the unpaired Student's t -test for comparison between two groups and by one-way analysis of variance followed by Dunnett's test for comparisons between more than two groups. A P -value of < 0.05 was taken as significant.
Results
Effect of halichlorine on cell adhesion molecules
We performed RT-PCR to investigate the effect of halichlorine on the mRNA expression of cell adhesion molecules VCAM-1, ICAM-1, and E-selectin. Similar to what has often been observed (9), LPS (3 μ g/ml, 3 h) upregulated expression of VCAM-1, ICAM-1, and Eselectin (intensity ratio to GAPDH, VCAM-1: 0.12 ± 0.04, ICAM-1: 0.15 ± 0.06, E-selectin, 0.09 ± 0.06 for control; VCAM-1: 0.66 ± 0.08, ICAM-1: 0.84 ± 0.07, E-selectin: 0.55 ± 0.12 for 3 μ g/ml LPS; n = 7 each; P < 0.05) (Fig. 1) . While the preincubation with 3 μ M halichlorine for 2 h did not significantly inhibit the expression level of these three adhesion molecules elevated by LPS (3 μ g/ml), 10 μ M halichlorine dramatically inhibited them (intensity ratio to GAPDH, VCAM-1: 0.53 ± 0.12, ICAM-1: 0.54 ± 0.04, E-selectin: 0.46 ± 0.05 for 3 μ M halichlorine + 3 μ g/ml LPS, n = 4; VCAM-1: Halichlorine ( M) -10 -10 -3 -
Halichlorine ( 0.26 ± 0.11, ICAM-1: 0.43 ± 0.06, E-selectin: 0.14 ± 0.07 for 10 μ M halichlorine + 3 μ g/ml LPS, n = 5; P < 0.05) (Fig. 1) . As with halichlorine, pretreatment with a NF-κ B inhibitor, BAY11-7082 (10 μ M, 2 h), was also effective on LPS-mediated elevation of these molecules (intensity ratio to GAPDH, VCAM-1: 0.24 ± 0.09, ICAM-1: 0.46 ± 0.09, E-selectin: 0.19 ± 0.04, n = 5; P < 0.05) (Fig. 1) . Another NF-κ B inhibitor, PDTC (30 μ M, 2 h), also attenuated the elevated expressions of VCAM-1 and E-selectin, but not ICAM-1 (intensity ratio to GAPDH, VCAM-1: 0.34 ± 0.04; ICAM-1: 0.70 ± 0.19; E-selectin: 0.19 ± 0.06, n = 4; P < 0.05) (Fig. 1) .
Effect of halichlorine on monocyte adhesion
To investigate the functional consequences of halichlorine, we performed cell adhesion assays using U937 and BAECs. As shown in Fig. 2 , stimulation with LPS (3 μ g/ml, 6 h) significantly increased the ratio of U937 adhesion to BAECs. Pretreatment of BAECs with halichlorine (10 μ M, 2 h) resulted in the reduction of LPS (3 μ g/ ml)-mediated monocyte adhesion to the BAEC monolayer (relative percentage of adhering cell number, 51.02 ± 2.15%, n = 4; P < 0.05). As expected, PDTC (30 μ M, 2 h) or BAY11-7082 (10 μ M, 2 h) inhibited monocyte adhesion to endothelial cells (relative percentage of adhering cell number, 62.43 ± 2.84% for 30 μ M PDTC + 3 μ g/ml LPS, n = 4; 45.04 ± 9.04% for 10 μ M BAY11-7082 + 3 μ g/ml LPS, n = 4; P < 0.05).
Effect of halichlorine on NF-κB p65 activity
It is reported that NF-κ B signaling activation mediates LPS-induced gene expression of cell adhesion molecules in endothelial cells (10) . Therefore we examined the effect of halichlorine on NF-κ B p65 activity. Our results showed that the stimulation with LPS (3 μ g/ml, 1 h) remarkably increased the ratio of BAECs showing NF-κ B p65 translocation from the cytoplasm to the nucleus (percentage of NF-κ B p65-translocated cells, 0.25 ± 0.12% for control; 62.82 ± 0.91% for 3 μ g/ml LPS; n = 4 each; P < 0.05) (Fig. 3) . Pretreatment with halichlorine (10 μ M, 2 h) significantly inhibited nuclear translocation of NF-кB p65 induced by LPS (3 μ g/ml) (percentage of NF-κ B p65-translocated cells, 24.40 ± 1.65%, n = 4; P < 0.05) (Fig. 3) . In addition, the inhibition was observed in the treatment with PDTC (30 μ M, 2 h) or BAY11-7082 (10 μ M, 2h) (percentage of NF-κ B p65-translocated cells, 41.33 ± 1.39% for 30 μ M PDTC + 3 μ g/ml LPS, n = 4; 30.54 ± 0.74% for 10 μ M BAY11-7082 + 3 μ g/ml LPS, n = 4; P < 0.05).
Effect of halichlorine on proliferation and viability of BAECs
We confirmed whether halichlorine influences BAEC proliferation and viability. As shown in (Fig. 4B) .
Discussion
Recruitment of leukocytes from the peripheral blood to the intima of the vessel wall is a primordial event in atherogenesis (3). Therefore, blocking the processes contributing to monocyte accumulation is an attractive target. In this study, we showed that the marine spongederived alkaloid halichlorine inhibited NF-κ B-dependent cell adhesion molecule expression and, correspondingly, reduced monocyte adhesion to endothelial cells. VCAM-1 (11), ICAM-1 (12) , and E-selectin (13) are reported to be downstream genes of the NF-κ B signal pathway, and these molecules modulate leukocyte rolling and firm adhesion (3) . Supporting these reports, we 
Fig . 2 . Effect of halichlorine on monocyte adhesion to endothelial monolayer. U937 were placed onto BAEC monolayers that had been preincubated with halichlorine (10 μ M) for 2 h, exposed to LPS (3 μ g/ ml) for 6 h, and stimuli were removed before adding U937. After incubation for 1 h, non-adherent cells were removed by washing, and the number of U937 monocytes adhering was randomly counted in five ×40 fields. The number of U937 monocytes adhering to untreated cells and LPS-treated cells was taken as 0% and 100%, respectively. demonstrated that two different NF-κ B inhibitors, PDTC and BAY11-7082, each inhibited the expressions of these adhesion molecules, thus preventing the adhesion of the monocytes adhesion to endothelial cells (Figs. 1 and 2) . While the I κ B-α -phosphorylation inhibitor BAY11-7082 was effective on mRNA expression of all three genes, PDTC did not affect ICAM-1 expression. PDTC is reported to inhibit NF-κ B activity via suppression of reactive oxygen species (ROS) production (14) . This observation might be due to the non-specific effects of PDTC on NF-κ B activity. Given that halichlorine had effects similar to those of these two inhibitors, we hypothesized that halichlorine may inhibit LPS-induced NF-κ B activation in endothelial cells.
The activated NF-κ B is reported to form a heterodimer, which usually consists of two proteins, p65/p50 subunits. In particular, a p65 subunit has been demonstrated to exert critical activity in the transcription of many inflammatory genes, including adhesion molecules, cytokines, and chemokines (15) . As shown in Fig. 3 , the treatment with halichlorine (10 μ M), PDTC (30 μ M), or BAY11-7082 (10 μ M) decreased the number of endothelial cells showing LPS treatment-induced translocation of NF-кB p65 to the nucleus. These findings provide direct evidence that halichlorine has an anti-inflammatory effect, based on its ability to interfere with NF-κ B activation. It is particularly worth noting that halichlorine exhibited greater inhibitory effects on LPS-induced inflammatory responses at lower concentration compared with the established NF-κ B inhibitor PDTC (Figs. 1 -3) .
We also examined the cytotoxicity of halichlorine on endothelial cells. Previous reports showed that PDTC (1 -1000 μ M) reduces the viability of vascular smooth muscle cells (16) , and another NF-κ B blocker, sulfasalazine (1 -2 mM), induces apoptosis in T-lymphocytes (17) . However, as shown in Fig. 4 , A and B, halichlorine did not influence endothelial cell proliferation and viability under our experimental conditions. These observations strengthen the potential clinical utility of halichlorine.
In unstimulated cells, NF-κ B, bound to the inhibitory protein I κ B-α , is located in the cytosol. Inflammatory stimuli can activate I κ B kinase (IKK). IKK, in turn, phosphorylates I κ B-α , which results in ubiquitination, dissociation of I κ B-α from NF-κ B, and eventual degradation of I κ B-α by the proteosome. The activated NF-κ B is then translocated into the nucleus where it binds to specific sequences of DNA. There are possibilities that halichlorine may suppress NF-κ B translocation via inhibition of I κ B activity or NF-κ B phosphorylation. Moreover, several reports evidenced that inflammatory stimuli such as LPS activate NF-κ B through ROS production both in macrophages and endothelial cells (18, 19) . In the present study, we did not examine whether halichlorine inhibits ROS production or not. Further investigation is needed to clarify these points.
In conclusion, we have found that halichlorine reduces the expression of adhesion molecules and monocyte adhesion to endothelial cells by attenuating NF-κ B activity in endothelial cells. This is the first report demonstrating a compound containing an azaspiro [4.5] decane skeleton has an inhibitory effect on NF-κ B activity. These findings provide new insight that can be applied for discovery of novel drugs against atherosclerosis.
